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Abstract A total of 27 large scale direct shear tests have been conducted to investigate the shear strength
and dilatancy of well graded sand-gravel mixtures. This paper focuses on the differences in behavior
between three soils: sandy gravel with a specified gradation as the base soil, and two other ones with
equivalent scalped or parallel gradations. Direct shear tests were conducted on three considered soils.
Maximum grain size is 25.4 mm in base soil, and is limited to 12.5 mm for equivalent scalped and parallel
gradations. Test results are considered in terms of frictional and dilatancy contributions to the shear
strength as a function of relative density and applied surcharge pressure. According to the results, the
gradation of tested soils affects their shear strength by a change in maximum friction angle, which can be
related to both dilatancy at failure and the constant volume friction angle. Scalped gradation is found as a
better approximate gradation compared to the parallel one for determination of peak shear strength for
coarse grained soils. Finally, empirical equations are developed to relate the shear strength characteristics
of the base gradation to scalped and parallel ones.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Shear strength characteristics of sand-gravel mixtures have
been studied by a number of researchers [1–7]. According to
these studies, the shear strength ofmixture ismainly controlled
by gravel content. A number of these studies have showed the
reduction of shear strengthwith gravel content [1–3]. However,
most others have indicated an increase in shear strength with
gravel content [4–7]. Also, there are a number of other studies
on shear strength characteristics of sandy gravels or gravely
sands, which confirm the extreme influence of soil gradation
on their mechanical behavior [8–16].
Application of a suitably large scale direct shear test appara-
tus is one of the most appropriate methods for determination
of the shear strength parameters of coarse grained soils, but the
costswill often not be justified by the importance of thework. In
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doi:10.1016/j.scient.2012.04.002most cases, maximum grain size is limited to 10mm, and direct
shear tests are performed on a finer fraction of the soil, which
is called the scalping method [17]. Indeed, scalped gradation is
considered for testing as equivalent grading instead of the orig-
inal one. As an alternative, in some cases, a parallel grading is
considered as an equivalent one for coarse grained soil, which
is called parallel gradation. In both methods, a fraction of the
representative gradation will be ignored, which influences the
shear strength characteristics of the base soil.
In the present research, a framework is suggested to
correlate the shear strength parameters of a base soil to the
associated values in scalped and parallel gradations. Using this
method, it is possible to predict the shear strength parameters
of a soil, according to test results on its equivalent gradations.
This procedure is performed for both maximum and critical
state shear strengths. The method is based on the pioneer work
concerning the strength–dilation relationship of fine sands,
proposed by Bolton [18,19]. Bolton proposed the following
equation to relate the maximum friction angle (φ′max) of
granular soil to the constant volume friction angle (φ′cv) and the
maximum angle of dilation (ψmax) [20].
φ′max − φ′cv = 5IR = 0.8ψmax. (1)
IR is an index which can be determined according to the
following equation based on the relative density (Dr ), in
evier B.V. Open access under CC BY-NC-ND license.
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φ′max maximum friction angle
φ′cv constant volume friction angle
ψmax maximum angle of dilation
e0 initial void ratio
Dr relative density
σ ′v surcharge pressure
IR correlation index for sand
p′ mean effective pressure
IR,mixture correlation index for sand-gravel mixture
emin,sand minimum void ratio for sand
emin,mixture minimum void ratio for sand-gravel mixture
Dr,mixture relative density of sand-gravel mixture
IR,S correlation index beyond particle crushing limit
ψ angle of dilation
u horizontal displacement
v vertical displacement
B10 particle crushing index
D10i effective diameter for initial gradation
D10f effective diameter for final gradation
A correlation index
B correlation index
(φ′B)max maximum friction angle of base gradation
(φ′S)max maximum friction angle of scalped gradation
(φ′P)max maximum friction angle of parallel gradation
α constant of correlation
β constant of correlation.
percents, andmean effective pressure (p′), in kPa, applied to the
test.
IR = Dr(10− Ln(p′))− 1. (2)
Similar approaches have been presented by other researchers
for poorly graded sand-gravel mixtures tested under surcharge
pressures lower than the particle crushing threshold [20],
or beyond this limit [21]. Simoni and Houlsby suggested
the corrected index, IR,mixture, to relate the shear strengthFigure 1: Grading curves for the base, scalped and parallel gradations.
parameters of sand and poorly graded sand-gravel mixtures
based on minimum void ratios of sandy soil (emin,sand) and the
sand-gravel mixture (emin,mixture), besides the relative density of
the mixture (Dr,mixture) [20].
IR,mixture = 5Dr,mixture − (1− 4.3(emin,sand − emin,mixture)). (3)
The above mentioned equation can be used for surcharge
pressures lower than the particle breakage threshold. Hamidi
et al. also proposed the following form to relate shear strength
characteristics of sandy soil and poorly graded sand-gravel
mixtures under surcharge pressures (σ ′v) greater than the
particle crushing limit [21].
IR,S = 5Dr,mixture − [1+ (4.5− 0.006σ ′v)
× (emin,sand − emin,mixture)]. (4)
The main objective of the present study is to expand this
framework to well graded sand-gravel mixtures, considering
the effects of soil gradation. Based on the results of the
present research, it is possible to determine the shear strength
characteristics of a base soil, according to the test results on an
equivalent finer fraction, to reduce difficulties in testing coarse
grained materials.Figure 2: Different grain sizes used in preparing gradations.
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Figure 3: Shear stress-shear displacement and vertical displacement-shear displacement curves for a surcharge pressure of 100 kPa.2. Experimental program
A total number of 27 large scale direct shear tests are
conducted in the present study. The experiments are performed
on samples of well graded coarse grained soil with three
different gradations, prepared at three relative densities and
tested under three distinct surcharge pressures.
2.1. Test material
The base soil is sandy gravel with a maximum grain size of
25.4 mm, according to the gradation curve shown in Figure 1.
It is close to the gradation that was previously introduced
for the Tehran coarse grained series, A, alluvium [22]. The
difference is in the fine content, which is considered zero in
the present gradation. Base gradation is obtained bymixing the
appropriate weight of 16 different particle sizes between sieves
#200 (0.075 mm) to 25.4 mm. Figure 2 indicates some grain
sizes used in preparation of the base material for the tests. It
can be named GW with gravel and sand contents of about 70and 30 percent, respectively, according to the Unified System
of Soil Classification.
The scalped gradation is prepared by changing the base
gradation between sieves #4 (4.75 mm) and 25.4 mm. Indeed,
in this method, the gravel content as the main and controlling
part of the gradation remains constant. However, themaximum
gravel size is reduced from 25.4 to 12.5 mm. The scalped
gradation shown in Figure 1 can also be named GW, according
to the Unified System of Soil Classification.
The third grading is considered as a gradation parallel to that
of the base with a maximum grain size of 12.5 mm, as depicted
in Figure 1. Contrary to the former, it can be named SW with
gravel and sand contents of about 45% and 55%, respectively,
according to the Unified System of Soil Classification, which
indicates a well graded gravely sand. In this gradation, both
gravel content and gravel size are reduced compared to the
base soil. Furthermore, maximum and minimum void ratios
are determined, according to Method A of ASTM D4253 and
ASTM D4254 [23]. Table 1 indicates the physical and grading
characteristics of three considered soils.
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Figure 4: Shear stress-shear displacement and vertical displacement-shear displacement curves for a surcharge pressure of 200 kPa.Table 1: Physical and grading characteristics for base, scalped and parallel
gradations.
GradationName Gs emax emin D10
(mm)
D50
(mm)
Cu Cc
Base GW 2.44 0.53 0.28 1.4 10 9.1 1.7
Scalped GW 2.51 0.55 0.25 1.4 7.9 6.4 2.4
Parallel SW 2.73 0.46 0.13 0.35 4 15.9 1.5
2.2. Test procedure
As stated by several researchers, the stress–strain behavior
of dry and saturated granular soils is analogous, provided
that pore fluid can flow freely into or out of pores and no
excess pore pressure develops [24]. Using dry samples allows
the application of higher rates of loading during shear, and a
reduction in testing time. Therefore, in the present study, dry
samples were used in place of saturated ones, and large scale
direct shear testswere conducted on them. The size of shear box
apparatus is 300 mm ⊆ 300 mm ⊆ 170 mm. In fact, the ratioTable 2: Initial void ratio of samples at different relative densities.
Gradation Dr = 35% Dr = 60% Dr = 85%
Base 0.448 0.386 0.324
Scalped 0.450 0.375 0.300
Parallel 0.341 0.266 0.183
of the minimum dimension of the shear box to the maximum
particle size is about 7 for the base soil and about 13 for the
scalped and parallel gradations.
Samples are prepared in three layers using an under
compaction method at distinct relative densities of 35, 60 and
85 percent [25]. Three vertical surcharge pressures of 100,
200 and 300 kPa are used in the testing program and shear
loading is applied at a rate of 0.5 mm/min up to the shear
displacement limit of about 40 mm in all tests. Direct shear
tests are performed according to ASTM D3080 [23]. Table 2
indicates the initial void ratio values of samples at different
relative densities.
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Figure 5: Shear stress-shear displacement and vertical displacement-shear displacement curves for a surcharge pressure of 300 kPa.3. Results of the experiments
Figures 3–5 show typical results of direct shear tests on
samples with different gradations and relative densities at
surcharge pressures of 100, 200 and 300 kPa. They include
variations of shear stress and vertical displacement with shear
displacement. According to the figures, peak shear strength
increases with relative density, which can be mainly attributed
to an increase in the contribution of dilatancy to shear
resistance.
In order to investigate the effect of gradation on the
behavior of soil, the variation of maximum shear strength with
relative density is plotted in Figure 6 for different gradations
at three distinct surcharge pressures. As the figure indicates,
maximum shear strength belongs to the base soil. After that,
the soil with scalped gradation shows more shear strength
and the least value is associated with the parallel gradation.
In fact, the difference between shear strengths of base and
scalped gradations is less than about 15% in all cases. However,
the difference between shear strengths of base and parallel
gradations is more, which indicates that scalped gradationis a better approximate gradation for determination of shear
strength. As stated before, maximum gravel size is different in
base and scalped gradations, while both maximum gravel size
and content are different between base and parallel gradations.
It can be concluded that gravel content is a more controlling
parameter for shear strength characteristics of coarse grained
soils.
The figure also indicates that the difference between
shear strengths of base and parallel gradations increases with
surcharge pressure. The difference increases from 25% to 35%
with an increase in surcharge pressure from 100 to 300 kPa. It
can be concluded that the impact of gradation on shear strength
increases with surcharge pressure enhancement. This can be
related to the important role of dilation on the shear behavior
of coarse grained soils [10,18,20]. An increase in surcharge
pressure reduces the effects of dilation and increases the role
of other controlling parameters like gradation in the shear
behavior of coarse grained soil.
Figures 3–5 also include variations in dilation with shear
displacement for different gradations. All samples show a small
contraction followed by a large amount of dilation in the tests.
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Figure 6: Variation of shear strength with relative density for different surcharge pressures.As the figures indicate, the difference between ultimate dilation
values is less between base and scalped gradations compared to
the base and parallel one. This implies a better approximation
of ultimate dilation, using scalped gradation, in coarse grained
soils.
Variation of the dilation angle (ψ) during the test can be
computed, considering horizontal displacement (u) and vertical
displacement (v), by the following equation [26]:
tanψ = dv
du
. (5)
The maximum rate of dilation was found to coincide, as
expected, with the peak value of shear strength. This value is
used in the present study to determine the maximum angle of
dilation (ψmax).
In order to establish a framework for the shear strength–
dilation relationship in well graded coarse grained soils, it is
required to determine the variables that are effective on the
shear strength characteristics of granular soils. Maximum and
constant volume friction angles, besides the maximum angle
of dilation, are among the most important parameters. These
variables are determined for all tests, and their effects on the
shear strength of soil are investigated.
3.1. Maximum friction angle (φ′max)
Considering linear regressionwith a zero cohesion intercept,
Figure 7 depicts the failure envelopes of soil with different
gradations at each relative density. According to the figure,
the failure envelope of parallel gradation is lower than the
two others. Figure 7 also indicates that the difference betweenthe failure envelopes of different gradations reduces with the
increase of relative density. The difference between maximum
friction angle values (φ′max) of base and parallel gradations
computed from the slope of linear failure envelopes in Figure 7
is about 11° for relative densities of 35% and 60%. However,
the difference decreases to 8° for relative density of 85%. It can
be concluded that, contrary to surcharge pressure, the impact
of gradation on the shear strength characteristics of coarse
grained soil decreases with an increase in relative density.
Indeed, enhancement of relative density increases the effects of
dilation and reduces the role of other controlling parameters,
like gradation, on the shear behavior of coarse grained soil.
An increase in surcharge pressure influences shear strength
and maximum friction angle in two different ways: firstly,
the particle crushing phenomenon and its effects on the shear
strength characteristics of gravely sands, secondly, the inten-
sive increase in particle interlocking, due to surcharge pressure
enhancement, which reduces dilation, and its contribution to
shear strength [21].
In the present research, the final grading curves of all
samples are determined again after conducting direct shear
tests, and the particle crushing index (B10) is calculated
according to the initial and final gradations, using the following
equation [27]:
B10 = 1− D10fD10i , (6)
whereD10i is the effective diameter for initial gradation andD10f
is the associated value for final grading. The particle crushing
index (B10) is in the range of zero to 0.28 for base and scalped
gradations and from zero to 0.42 for samples with parallel
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Figure 7: Failure envelopes of soil with different gradations at each relative density.gradation. This implies that the effect of particle crushing on the
shear behavior of the considered coarse grained soil is negligible
in the range of surcharge pressures used in the present study.
Considering curved failure envelopes in Figure 7, maximum
friction angles can also be determinedusing the slope of tangent
at each distinct surcharge pressure. Due to the negligible effects
of particle crushing, the curvature of the failure envelope and
the associated reduction of maximum friction angle can be
related to the intensive increase of particle interlocking with
the increase in surcharge pressure, which reduces dilation, and
its contribution to the shear strength. Applying this criterion,
maximum friction angles were determined from the curved
failure envelopes at each distinct surcharge pressure and were
implemented in the derivation of empirical equations.
The variation of maximum friction angle with relative
density is shown in Figure 8 for each gradation at different
surcharge pressures. According to the figures, the maximum
friction angle belongs to the base gradation and the minimum
one is associated with the parallel one at a constant relative
density. The figure indicates a fairly good linear relation
between these two parameters. It can be concluded that the
relative density or, on the other hand, the initial void ratio,can be used as an appropriate physical parameter in the
development of empirical relationships for well graded gravely
sand instead of the minimum void ratio previously used for
poorly graded sand-gravel mixtures [20,21].
3.2. Constant volume friction angle (φ′cv)
There are a number of studies on critical state characteristics
of granular soils [28–30]. According to the definition, the critical
state friction angle of soil indicates its shear strength when it is
continuously deforming at constant volume, constant normal
effective stress, constant shear stress and constant rate of shear
strain [29]. In the present study, direct shear tests continue
up to a shear displacement of about 40 mm, which indicates
a strain level about 12%. At the near final stage of loading, the
surface of shearing is reduced and the soil does not completely
reach critical state conditions. However, the friction angle
values, at the ultimate state, are approximated as a critical state
or the constant volume friction angle (φ′cv).
Figure 9 shows the variation of the constant volume friction
angle with relative density for three considered gradations. The
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Figure 8: Variation of maximum friction angle with relative density for different gradations.values are determined using the single point method and the
zero cohesion intercept. According to the figure, the constant
volume friction angle linearly increases with relative density.
Substituting the relative density with the maximum angle of
dilation (ψmax), there is another linear relation between these
two parameters according to Figure 10. The trend of variation
is closer for the base and scalped gradations. This implies
that the use of scalped gradation is a better approximation to
determine the constant volume friction angle of coarse grained
soils. Also, the lowest values of the constant volume friction
angle belong to parallel gradation, which reveals that the use of
this equivalent gradation underestimates the constant volume
friction angle. Figure 11 indicates the variation of φ′max with
ψmax for different gradations. The figure shows a linear increase
in the maximum friction angle with the maximum angle of
dilation.
4. Development of empirical relationships
According to Figure 8, the following equation can be
suggested based on the linear regression in the coordinates of
φ′max : Dr .
φ′max = A · Dr + B. (7)
In this equation, A and B are functions of surcharge pressure
and gradation type. Considering variations of these coefficients,
withσ ′v , the following equations can be determined for different
gradations:
(φ′B)max = −0.01(3Dr + 0.42)σ ′v + 17Dr + 44.3, (8)(φ′S)max = −0.01(2Dr + 0.24)σ ′v + 10Dr + 44.7, (9)
(φ′P)max = −0.01(5Dr + 0.35)σ ′v + 26Dr + 32.4. (10)
In these equations, (φ′B)max, (φ
′
S)max and (φ
′
P)max are maximum
friction angles for the base, scalped and parallel gradations,
respectively. In these equations, σ ′v should be replaced in kPa,
Dr in percents, and all friction angles in degrees. Subtracting
Eqs. (9) and (10) from Eq. (8), the following equations can be
suggested:
(φ′B − φ′S)max = −0.01(Dr + 0.18)σ ′v + 7Dr − 0.4, (11)
(φ′B − φ′P)max = +0.01(2Dr − 0.07)σ ′v − 9Dr + 11.9. (12)
Using these two equations, the maximum friction angle of the
base soil can be predicted using the results of tests on scalped or
parallel gradations at the same surcharge pressure and relative
density.
Figure 12 compares the results of empirical Eqs. (11) and
(12) in terms of (φ′B)max with experimentally measured values
for tests at different relative densities and surcharge pressures.
Results show good agreement and are mainly around the 1:1
line with an error less than 1.5°. According to the figure,
empirical relations can predict the shear strength ofwell graded
soil at the range of densities and surchargepressures considered
in the present study.
As stated previously, Eqs. (1) and (2) indicate shear
strength–dilation relationships for sandy soils [18,19]. These
equations were corrected for poorly graded sand-gravel mix-
tures at surcharge pressures less than the particle breakage
threshold [20] or beyond [21]. In the present research, a new re-
lationship is introduced for well graded sand-gravel mixtures,
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Gradation α β
Base 45.4 44.8
Scalped 43.9 42.6
Parallel 36.4 33.9
Figure 9: Variation of constant volume friction angle with relative density for
different gradations.
based on the results of experiments. As indicated in Figures 10
and 11, there are linear relations between φ′max or φ′cv andψmax
for different gradations. According to these figures, the slopes
of linear regression can be considered nearly identical (about
0.4) for all gradations. In this regard, the following set of equa-
tions can be suggested to interpret the shear strength–dilation
relationship in well graded gravely sands:
φ′max = 0.4ψmax + α, (13)
φ′cv = 0.4ψmax + β. (14)
According to the equations, the relations are not dependent
on relative density or surcharge pressure in the considered
range of the present study. However, gradation type affects
them based on intercepts α and β . Table 3 indicates values of
α and β for different gradations in degrees. Using Eqs. (11) or
(12)–(14), the constant volume friction angle (φ′cv) of the base
soil can also be determined according to the test results on
scalped or parallel gradation. Figure 13 indicates a comparison
between calculated and experimental values of φ′cv for different
gradations. As the figure shows, all values are around the
1:1 line with errors between −1.5° to 3.0°. This implies the
applicability of the suggested equations at the considered range
of relative densities and surcharge pressures, and a reduction in
the difficulties of experimental studies on coarse grained soils.
5. Summary and conclusions
The application of coarse grainedmaterials is quite common
for practical civil engineering purposes, such as embankments
and road construction. However, specimen size limitation
becomes a problem in conducting standard soil mechanics tests
and determination of the shear strength. As a result, in many
cases, scalped or parallel gradation is used instead to determine
the shear strength characteristics of base material.
In the present research, results of large scale direct shear
tests are used to investigate the shear strength and dilatancy
characteristics of well graded coarse grained soils. Gravely
sand as the base soil, and two equivalent scalped and parallel
gradations were considered in the testing program. Large scaleFigure 10: Variation of constant volume friction angle with maximum angle of
dilation for different gradations.
Figure 11: Variation of maximum friction angle with maximum angle of
dilation for different gradations.
Figure 12: Comparison of results between experiments and empirical
equations for maximum friction angle.
direct shear tests were performed at three relative densities
of 35, 60 and 85%, under surcharge pressures of 100, 200 and
300 kPa.
Results of experiments show that scalped gradation is a
better approximate gradation compared to the parallel one for
determination of peak and ultimate shear strengths for coarse
grained soils. This was related to the important and controlling
effect of gravel content, which has been kept constant for the
base and scalped gradations. It was also concluded that the
impact of gradation on the shear strength characteristics of
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equations for constant volume friction angle.
the soil increases with surcharge pressure and decreases with
relative density.
Although the shear strength characteristics of well graded
coarse grained soil can be determined using scalped gradation
with an allowable tolerance, empirical relations were adopted,
focusing on maximum and constant volume friction angles
of base, scalped and parallel gradations. The initial void ratio
was considered as a useful physical parameter to correlate
maximum and constant volume friction angles of the base soil
with two others at the same relative density and surcharge
pressure.
Based on these correlations, the shear strength characteris-
tics of base material can be determined by testing a finer frac-
tion of gradation. This is a useful tool to reduce difficulties in ex-
periments on well graded coarse grained soils, and limitations
in the size of experimental specimens.
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